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Prime Novelty Statement 
 
We report for the first time an in-depth investigation (fabrication, microstructure and spectroscopy) of 
ceramic sesquioxide compositional family (LuxY1-x)2O3 with x = 0.0.113 and 0.232 and Yb doping for laser 
applications. The ceramics were fabricated by vacuum sintering of nano-sized particles synthesized by CO2 
laser co-evaporation of the corresponding solid targets with different Y/Lu balance. The effect of Lu3+ 
concentration on crystal structure and phase evolution of the nanopowders and microstructure, optical and 
spectroscopic properties of the sintered ceramics was investigated. The micro-Raman measurements with 
high spatial resolution revealed a homogeneous distribution of both yttrium and lutetium in the mixed 
composition. The optical transmission of 1.4 mm-thick ceramics was over 80% in the wavelength range of 
500–1100 nm. The impact of the variation of the Lu/Y balance in the spectroscopic properties of the lasing 
dopant Yb3+ was analyzed.  
The use of laser ablated nanoparticles allowed to obtain high optical quality ceramics directly from the 
sintering step, without the need of further steps (i.e. Hot Isostatic Press) to improve densification. 
Partial substitution of Y3+ cations for Lu3+ determines a small shift toward longer wavelengths and 
broadening of the main emission peaks at about 1030 and 1076 nm. The overall structure of absorption and 
emission spectra is intermediate between those of Yb:Lu2O3 and Yb:Y2O3. 
To the best of our knowledge, this is the first extensive characterization of the spectroscopic properties of 
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We report an in-depth investigation (fabrication, microstructure and spectroscopy) of Yb
3+
-doped 
mixed sesquioxide transparent ceramics (LuxY1-x)2O3 with x = 0.0.113 and 0.232. The ceramics 
were fabricated by vacuum sintering of nano-sized particles synthesized by CO2 laser co-
evaporation of the corresponding solid targets with different Y/Lu balance. The effect of Lu
3+
 
concentration on crystal structure and phase evolution of the nanopowders and microstructure, 
optical and spectroscopic properties of the sintered ceramics was investigated. The micro-Raman 
measurements with high spatial resolution revealed a homogeneous distribution of both yttrium and 
lutetium in the mixed composition. The optical transmission of 1.4 mm-thick ceramics was over 
80% in the wavelength range of 500–1100 nm. Partial substitution of Y
3+
 cations for Lu
3+
 cations 
determines a small shift toward longer wavelengths and broadening of the main emission peaks at 
about 1030 and 1076 nm. This is the first extensive characterization of the spectroscopic properties 
of Yb:(Y,Lu)2O3 compositional family in ceramic hosts. 
 




In recent years, several efforts have been made to obtain laser materials with broad emission 
band for the generation and amplification of ultrashort laser pulses. Yb
3+
 ion as a lasing dopant has 
several useful features that have determined its success in laser applications. Nonetheless, in the 
*Manuscript
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majority of hosts Yb
3+
 has a relatively narrow emission bandwidth, in comparison for instance with 
Ti:Sapphire, which makes it difficult the generation [[1]] and in particular the amplification [[2]] of 
laser pulses below 100 fs of duration.  
To overcome this difficulty, many studies addressed the so-called mixed hosts, i.e. solid 
solutions of chemically compatible materials, where the disordered lattice structure resulting from 
the solid solution can induce an inhomogeneous broadening of the absorption and emission spectra. 
Several Yb
3+
-doped compositions, both ceramics [[3]-[6]] and crystals [[7]-[10]] have been tested. 
An analysis of crystalline Yb doped mixed sesquioxides was reported by Beil et al. [[11]] where a 
significant broadening in the emission spectrum was found in particular for Yb:(Lu,Sc)2O3 matrices.  
Lattice disorder and inhomogeneous broadening can also be induced by the incorporation of 
further co-dopants. This has been suggested by Bagayev et al. [[12]], which reported the fabrication 
and preliminary laser emission results of ceramics with composition (Yb0.01Lu0.24Y0.75)2O3. ZrO2 
was included as sintering aid to avoid exaggerated grain growth and formation of intragranular 
pores but it could also contribute to the overall lattice disorder of the host matrix (due to the large 
ionic radius mismatch and the excess charge (Zr
4+





Further, continuous-wave, mode-locked and Q-switched laser operation was demonstrated using 
Tm
3+
-doped LuYO3 mixed sesquioxide ceramics [[13],[14]] but details on the raw powders, 
fabrication method and microstructure properties of the obtained samples were not discussed. 
High purity ultrafine powders are very important for the preparation of laser-grade ceramics. 
As for the disordered compositions, the desired sesquioxides should be homogeneously mixed 
together on a low scale to avoid refractive index modulation around grain boundaries caused by 
point-to-point variation in the lattice structure. Laser ablation method is well suited to the synthesis 
of loosely agglomerated nano-sized powders with narrow particle size distribution. In addition, the 
required sesquioxides can be mixed on atomic scale at high temperature to achieve uniform 
distribution of chemical species in the volume of individual nanoparticles. 
This work extends our previous study [[15]] on the fabrication, the structural and the 
spectroscopic characterization of a series of Yb
3+
-doped mixed sesquioxide transparent ceramics 
(LuxY1-x)2O3 (x =0; 0.113 and 0.232) based on laser ablated nanopowders. These compositions were 
selected because Y2O3 matrix is one of the most attractive ceramic hosts [[16]-[18]]; it has a high 
thermal conductivity (literature data span from 13.6 W/m K [[19]] to 17 W/m K [[20]]), a 
sustainable sintering temperature (1700°C), a low effective phonon energy [[19]], which reduces 
the probabilities for non-radiative transitions. A reasonable level of disorder in the hosts is expected 




 ions as well, leading to a broadening the absorption and 
emission bandwidths. 
 
The ceramic samples, fabricated by using solid-state sintering of mixed sesquioxide 
nanoparticles under vacuum, were carefully tested. In particular, the microstructure of the samples 
was analyzed by means of X-ray diffraction to determine the lattice constants, and electron 
microscopy to assess the morphology and grain structure. Micro-Raman spectroscopy was used to 
evaluate the composition uniformity at the sub-grain size scale. Spectroscopic characterization 
included absorption and emission spectra at room temperature.  
2. Materials and experimental details 
2.1. Synthesis of mixed sesquioxide nano-sized particles 
Commercially available high-purity powders of Yb2O3, Lu2O3 and Y2O3 (>99.95% TREO, 
Lanhit Company, Russia) were used as raw materials for the preparation of laser media. These 
sesquioxides powders were dry-mixed together for 24 h in a rotary mixer with an inclined axis of 
rotation to form (Yb0.05LuxY1-x)2O3 powder blends where x = 0; 0.15 and 0.25. Around 2 wt.% of 
zirconium dioxide was added to each composition as a sintering additive. The obtained blends were 
then compacted into cylindrical-shaped green targets with a diameter of ~66 mm by uniaxial static 
pressing at 10 MPa and pre-sintered at 1100 °C for 5.5 h in air. After pre-sintering the relative 
density of laser targets reached 55% with respect to the theoretical density. 
The obtained powder targets were ablated in air flow of atmospheric pressure using a pulse-
periodical carbon dioxide laser “LAERT” [[21],[22]]. The main experimental parameters were as 
follows: pulse energy – 0.9 J, pulse duration – 330 μs, pulse repetition rate – 500 Hz, peak power – 
7 kW, average power – 450 W. The laser beam was focused into 0.75 mm × 0.9 mm-sized elliptical 
spot by a KCl lens with a power density of 1.3 MW/cm
2
. The linear velocity of laser beam 
movement was 35 cm/s. The production rate of nanopowders was from 15 to 25 g/h depending on 
the composition of laser target.  
The phase evolution of the nanopowders was studied during heating up to 1100 °C in air by 
means of non-ambient X-Ray diffraction using D8 Advance diffractometer (Bruker AXS, Germany) 
with Anton-Paar HTK 1200N high temperature chamber in the 25°…35° 2θ range in Cu Kα 
radiation. The morphology of the obtained nanopowders was observed using a JEOL JEM 2100 
(JEOL Ltd., Japan) transmission electron microscope (TEM). The chemical composition of the as-
synthesized nanopowders was analyzed using an Optima 2100 DV inductively coupled plasma mass 
spectrometer (ICP MS, Perkin Elmer, USA). 
2.2. Fabrication of transparent Yb:(Lu,Y)2O3 ceramics 
The ceramic samples were fabricated using solid-state vacuum sintering of mixed sesquioxide 
nanoparticles. Annealed nano-sized particles with the proper Y/Lu balance and cubic crystal 
structure were uniaxially dry-pressed at 200 MPa into a 15-mm-diameter cylindrical pellets. After 
removing the organic components by calcining (800 °C, 3 h), the green compacts were sintered at 
1780 °C for 20 h under 10
-3
 Pa vacuum. The sintered ceramic samples were then annealed (1400 °C, 
2 h) to eliminate the oxygen vacancies and mirror polished on both sides. Fig. 1 shows the picture 
of the three samples used in the experiments. 
 
Fig. 1. Photograph of the fabricated and polished ceramic samples: (a) – (Yb0.056Y0.944)2O3; (b) – 
(Yb0.056Lu0.113Y0.831)2O3; (c) – (Yb0.059Lu0.232Y0.709)2O3. 
The microstructure of the polished and thermally etched surface of the sintered samples was 
analyzed using a scanning electron microscope AURIGA CrossBeam (SEM, Carl Zeiss NTS, 
Germany). The average grain size of the obtained transparent ceramics was determined by the linear 
intercept method from SEM images using a three dimensional correction factor of 1.571. The phase 
composition of the ceramics was examined by an X-ray diffractometer Bruker D8 Advance (Bruker 
AXS, Germany) using Cu Kα radiation.  
2.3. Optical and spectroscopic characterization 
The internal homogeneity of the samples, on a spatial scale smaller than the grain size, was 
studied by means of micro-Raman spectroscopy. This technique provides complementary 
information with respect, for instance, to XRD and Energy Dispersive X-Ray Analysis, EDX, 





Micro-Raman spectroscopy provides a higher spatial resolution with respect to XRD (down to 1 µm 
scale, whereas transverse spatial resolution of XRD is usually of the order of 1 mm, and the probed 
volume involves the whole sample thickness); with respect to EDX, it provides information about 
the chemical structure and not only on the elemental composition, thus being, at least in principle, 
capable to discriminate between different crystalline phases. Finally, in optically transparent 
materials it can be used to probe in depth the volume of the sample and not only its surface. 
The samples were analyzed by means of a micro-Raman spectrometer RM2000 (Renishaw, 
Wotton-under-Edge, UK) equipped with a 50x/0.80N.A Olympus microscope objective and a laser-
diode excitation-source at 785 nm. The microscope is equipped with motorized slits, computer 
controlled to a spatial accuracy better than 1 m. The spectral calibration of the spectrometer was 
checked on the 520 cm
-1
 first order Raman band of bulk silicon; the spectral resolution was 7 cm
-1
 
(equivalent to 3 pixels on the CCD camera) as verified from linewidth measurements on the same 
silicon calibration band [[23]]. 
For this analysis, samples of 3at.% Yb:Y2O3 ceramics (also prepared at the Institute of 
Electrophysics UrB RAS) and 1at.% Yb:Lu2O3 ceramics (from Konoshima Chemical Corp.) were 
included in the samples set, to have reference spectra for both the end compositions. No attempt 
was made to assign the Raman shift frequencies to specific lattice vibration modes, as this was 
beyond the purpose of this analysis. The spatial homogeneity of the samples was checked by 
acquiring Raman spectra in several points (usually 20) of each sample along a line, with fine (1 µm) 
and coarse (50 µm) spacing, at a depth of about 300 µm below the sample surface. 
The transmission spectra of the samples were acquired by means of a Perkin Elmer Lambda 1050 
spectrometer in the interval between 200 nm and 1100 nm with a spectral resolution of 1 nm. 




F5/2 state was measured by the pinhole method to avoid radiation trapping 
effects, using the experimental set up and the data acquisition procedure similar to those already 
described in [[24],[25]]. Fluorescence spectra were acquired with a miniaturized spectrometer 
equipped with a 1630 channels CMOS linear array detector. To avoid reabsorption effects the 
samples were excited with a pulsed Ti:Sapphire laser at 896 nm, in a small spot, very near to a 
lateral edge of the sample; the fluorescence was collected at 90° with respect to the excitation beam. 
 
3. Results and discussions 
3.1. Characteristics of Yb:(Lu,Y)2O3 nanopowders 
To determine the exact Yb doping concentration and Y/Lu balance, we analyzed the chemical 
composition of the obtained nanopowders using ICP MS. The designed and final compositions are 
listed in Table 1. It appears that the evaporation rate is in the following descending order: Yb2O3 > 
Y2O3 > Lu2O3. The vapour stream of most refractory material (Lu2O3) is smaller than that of easily 
melted component so the melt in laser crater is depleted with the latter. The melt is squeezed out of 
the crater as an external rim or sprayed in the form of droplets and then the laser radiation again 
evaporates the material of powder target, which is not depleted with the easily melted sesquioxide, 
leading to enrichment of the mixed compositions by Yb2O3 and Y2O3. Laser power density is the 
most essential parameter affecting the alteration of chemical composition of the obtained 
nanopowders with respect to the composition of initial laser target. 
 
Table 1. Designed and resultant chemical compositions of Yb:(Lu,Y)2O3 nanopowders. Also 
reported is the measurement error. 
Composition of laser target Composition of nanopowder 
Yb2O3, mol.% Lu2O3, mol% Y2O3, mol.% Yb2O3, mol.% Lu2O3, mol% Y2O3, mol.% 
5.00.5 0 95.00.5 5.60.6 0 94.40.6 
5.00.5 15.01.5 802 5.60.6 11.31.1 83.11.7 
5.00.5 25.02.5 703 5.90.6 23.22.3 70.92.9 
For sake of clarity, from here on the samples (Yb0.056Lu0.113Y0.831)2O3 and 
(Yb0.059Lu0.232Y0.709)2O3 will be called Lu11 and Lu23 while the (Yb0.056Y0.944)2O3 will be named 
Lu0. 
Most of rare-earth sesquioxides evaporated by laser radiation condense into ultrafine spherical 
nanoparticles exhibiting a metastable monoclinic phase. It is suggested to perform the monoclinic to 
cubic phase conversion before compaction and sintering stages to prevent formation of core-shell 
structure and possible fracturing of ceramic sample due to an increase in the volume of unit cell. 
[[26]]. Fig. 2 shows the phase evolution of Lu11 powder during heating up to 1100 °C, monitored 
by means of XRD of the characteristic (222) diffraction peak. When the temperature is below 
850 °C, there is no significant change in the collected patterns except the diffraction peaks shift to 
the lower angle values due to lattice expansion. The onset of the monoclinic to cubic phase 
transition at 850 °C is confirmed by an increase in intensity of the characteristic (222) line of the 
cubic phase at 2θ ~ 29°. As the temperature increases, the intensities of peaks corresponding to the 
monoclinic modification of Y2O3 decreases and both the monoclinic and cubic phases coexist up to 
about 1000 °C. Finally, heat treatment at 1050°C produced mixed sesquioxide nanoparticles 
exhibiting pure cubic phase, space group Ia3 as identified by ICDD PDF No. 00-067-0067. It 
appears that the temperature required for a complete phase transformation slightly decreases with 
the additions of Lu2O3 into Yb:Y2O3. 
 
Fig. 2. Thermal X-ray analysis data showing the phase evolution of (Yb0.056Lu0.113Y0.831)2O3 nanopowder during heating 
up to 1100 °C in air. 
The typical morphology of the obtained nanoparticles before and after calcination is shown in 
Fig. 3. The as-synthesized powder is in the form of soft aggregates consisting of nano-sized 
spherical shaped particles with an average size of ~20 nm. After calcination at 1050 °C for 1 h the 
sample showed interparticle neck growth along with the shape change from sphere to polyhedron. 
From BET analysis (TriStar 3000, Micromeritics, USA), we determined the specific surface areas 
of the as-synthesized and annealed powders as 41.9 m
2
/g and 25.3 m
2
/g, respectively so the 
equivalent particle size increased from 23 nm to 39 nm, which is in good agreement with TEM 
observations. 
 
Fig. 3. TEM images showing the morphology of the as-synthesized (a) and annealed (b) (Yb0.056Lu0.113Y0.831)2O3 
nanoparticles. 
Compared with Yb-fiber laser emitting at the wavelength of 1.075 μm, the radiation of carbon 
dioxide laser (λ=10.6 μm) is more suitable for ablation of the Yb:(Lu,Y)2O3 targets. Rare-earth 
sesquioxides possess relatively large energy bandgap (~6-9 eV) and these materials are transparent 
for the radiation of Yb-fiber laser. The laser emission at λ=1.075 μm is absorbed by pores and 
structural defects and penetrates through the powder target to a depth of up to a few hundred 
microns. A propagating heat wave resulted in splintering of subsurface and highly irregular surface 
morphology leading to a significant decrease in the production rate of nanopowder. On the other 
hand, the laser emission at λ=10.6 μm penetrates to a depth of only several microns since the 
radiation is absorbed and scattered by optical phonons and phonon substructure, respectively. In this 
case, with respect to Yb-fiber laser, the greater part of lasing energy is spent for the evaporation of 
the material. 
3.2. Microstructure analysis of transparent ceramics 
A SEM micrograph showing the grain structure of Lu23 ceramics is presented in Fig. 4. The 
structure consists of tightly packed equiaxed crystallites with clean grain boundaries and no grain 
entrapped pores were detected. SEM observation of Lu0 and Lu11 samples did not demonstrate 
significant differences in morphology with respect to Lu23 ceramic shown in Fig. 4, so the 
corresponding images are not given here. The average grain size slightly increases with Lu 
concentration, i.e. from 7.3 µm to 8.1 µm for Lu concentration from 0 to 23.2 mol.%. In other terms, 
higher Lu
3+
 concentration induces significant disordering of crystal lattice leading to the 
acceleration of diffusion processes and increase of grain size. Several spherical shaped pores with 
an average size of around 2 μm were observed throughout the depth of the samples using an optical 
microscope Olympus BX51TRF (Olympus Corp., Japan). We evaluated the content of the 
scattering centers in ceramics by direct count method as 1.3, 3.9 and 4.2 ppm for Lu0, Lu11 and 
Lu23 samples, respectively. Consequently, in our experimental conditions the substitution of up to 
~23 at.% of Y for Lu in Yb:Y2O3 lattice barely influences the possible optical loss originated from 
the residual porosity. This statement will be additionally confirmed by the measurements of 
transmission spectra (see Section 3.3). 
 
Fig. 4. SEM image of the thermally etched surface of the (Yb0.059Lu0.232Y0.709)2O3 ceramic sample showing its 
microstructure.  
The X-Ray diffractograms for the sintered ceramics are shown in Fig. 5. The observed 
diffraction patterns for Lu0 sample can be well indexed to the solid solution of (Yb0.056Y0.944)2O3 
(space group Ia3-T7
h
) as identified by ICDD PDF No. 00-067-0067. Considering that both Y2O3 
and Lu2O3 sesquioxides have the same cubic crystal structure, no other impurity phase was found in 
Lu11 and Lu23 ceramics. The diffraction peaks of secondary phases based on ZrO2 were not 
observed taking into account the detection limit of about 3 wt.%. In addition, since the effective 
ionic radius of Lu
3+
 (0.848 Å) is smaller than that of Y
3+
 (0.892 Å), the introducing of Lu
3+
 cations 
into Y2O3 matrix forms compressive strain and causes a certain degree of lattice disorder. Thus the 
diffraction peaks deflect toward larger angles with an increase in Lu2O3 content and the lattice 
constant decreases from 10.590 Å (Lu0 sample) to 10.561 Å and 10.538 Å for Lu11 and Lu23 
doping concentrations. It must be noticed that the small splitting of the diffraction peaks in Fig. 5 is 
due to the use of the Cu K doublet as probe radiation (as the device is not equipped with 
monochromator), and not to the occurrence of separate lattice phases. 
 
Fig. 5. X-ray diffraction patterns of the sintered ceramic samples. 
3.3. Optical and spectroscopic properties 
Fig. 6 shows typical Raman spectra of the samples Lu0, Lu11, Lu23 and 1 at.% Yb:Lu2O3 
ceramic. In the following discussion the Raman peaks considered in the analysis will be arbitrarily 
designated as R1, R2, R3 (see Fig 6). Their positions were found in good agreement with literature 
data [[27]] for the two end compositions (i.e. Y2O3 and Lu2O3). The main Raman modes of Y2O3 
are located at 379, 471 and 595 cm
-1
 whereas the corresponding Raman modes of Lu2O3 are located 
at 393, 499 and 610 cm
-1
. The system has then adequate resolution to discriminate the Raman peaks 
of Y2O3 from those of Lu2O3. In the mixed compositions, these Raman modes show an increase in 
their shift which is about linear with the concentration of Lu as shown in Fig. 7. 
 

























Fig. 6. Raman spectra of the samples under tests. The Raman modes considered in the analysis have been 
arbitrarily labeled as R1, R2 and R3. 
 






























Fig. 7. Peaks shifts in the Raman spectra for increasing Lu content. 
The spatial resolution of the instrument is about 1 µm in horizontal (i.e. across the line of 
sight) as well as in vertical (i.e. along the line of sight) direction: vertical resolution is provided by 
the confocal arrangement of the optical set-up. The probed volume is therefore smaller than the 
average grain size, see Fig. 4. The micro-Raman characterization has shown that the composition of 
the samples is spatially homogeneous, without reciprocal segregation or separation between Lu2O3 




ions are well mixed in the samples, at least at the 1 µm 
spatial scale. The Raman spectra acquired on different points of the sample with Lu23 did not show 
appreciable variations from point to point (Fig. 8). The position and the width of the Raman peaks 
remain the same for all the points in the analyzed transect: this is a strong indication that the 
composition of the sample is homogeneous in the different points. Variation in the composition, 
indeed, should appear as a variation in the position of the peaks along the scan or, in case of 
coexisting Y2O3 and Lu2O3 phases in the same probed volume, as a splitting of the peaks in two 
sub-peaks, corresponding to the two different compositions. 

























Fig. 8. Raman spectra acquired in 20 different points of the sample Lu23, along a line at steps of 50 µm. Spectra 
have been shifted vertically for clarity of representation. 
A more quantitative information can be gathered by measuring the position of the peaks of the 
spectra shown in Fig. 8, and using the dependence of the peak position from the Lu/Y fraction, see 
Fig. 7, to calculate the Lu/Y ratio in the probed volume. For this purpose the lines of the Raman 
mode R2 (which has the largest sensitivity with respect to the Lu content, i.e. 0.37 cm
-1
/(1at.% Lu)) 
in the individual spectra were fitted by a Gaussian curve, to accurately evaluate the position of the 
peak. The standard deviation of the peak position for all the spectra acquired along the transect was 
0.23 cm
-1
, corresponding to a standard deviation in the Lu concentration along the transect of 
0.085at.%. This must be considered as an upper limit in the variation of the concentration of Lu, as 
this evaluation is of course is also affected by the residual noise in the spectra and not only by the 
local variation in Lu content. 
The transmission spectra reported in Fig. 9 show a very good transparency and very low 
scattering losses. Even though the theoretical transmission limit cannot be calculated exactly due to 
the lack of data for refractive index of (Lu,Y)2O3, useful insight can be obtained by the evaluation 
of the transmission for pure Lu2O3 and Y2O3. The transmission of the samples, far from the Yb
3+
 
absorption band, was found very close to the theoretical transmission of the two end compositions. 
 





























Fig. 9. Transmission spectra of the samples with Lu0 (Yb doping 5.6%, thickness 1.6 mm), Lu11 (Yb doping 
5.6%, thickness 1.4 mm) and Lu23 (Yb doping 5.9%, thickness 1.4 mm). Theoretical transmissions of pure Lu2O3 and 
Y2O3 (refractive index data by Zelmon et al. [[28]]), are also reported. 
From the transmission data it is possible to calculate the absorption cross section spectra of 
the Yb
3+
 lasing transition. The cation site density for the compositions with different Y/Lu balance 
was calculated by means of the lattice constant data derived from XRD reported in Section 3.2. The 
resulting spectra are shown in Fig. 10. It can be seen that the increase in the content of Lu
3+
 
determines a small shift toward shorter wavelengths of the main absorption peaks at 906 nm and 
950 nm as well as of the zero phonon line, of about 0.25 nm for Lu content increasing from 0 to 
23.2 mol.%. 
 






































Fig. 10. Absorption cross section spectra for the compositions with different Lu/Y balance. 
The fluorescence decay traces from the three samples under test, acquired with a 300 µm 
pinhole diameter, are shown in Fig. 11. The calculated lifetimes are reported in Table 2, along with 
literature data for the two end-composition, Yb:Lu2O3 and Yb:Y2O3. A decreasing value of the 
upper level lifetime for increasing Lu content, i.e. form 782 µsec for Lu0 to 695 µsec for Lu23 is 
observed. There is some spread in the literature values of the upper level lifetime of Yb in Y2O3 and 
in Lu2O3 as well; the value that we measured for Y2O3 is near to the upper limit of the literature data 
[[29]]. On the other hand, for increasing Lu
3+
 concentration the lifetime decreases to a value near to 
the lower level of literature data, even farther from the value of Yb:Lu2O3. Our interpretation is that 
the samples under test experienced an increase of the non-radiative decay probability for increasing 
Lu
3+



















Time (msec)  
Fig. 11. Decay traces of the luminescence emitted by the samples with different Y/Lu balance, using a pinhole 
with 300 µm diameter. Intensity is expressed as log scale. 
 
Table 2. Lifetime of the Yb
3+
 upper laser level (
2
F5/2) for the different tested ceramics 










Lu0 782 µsec This work 
Lu11 757 µsec This work 








820 µsec [[32]] 
805 µsec [[33]] 
The emission cross section spectra were calculated from the fluorescence spectra (see Section 
2), using the - method [[34]]. As for the upper level lifetime, whose value is required for the 
calculation of the cross section spectrum, we used for all the samples the value of 782 µs found for 
the sample Lu0; this was considered the best approximation, based on the hypothesis that the values 
registered with the other compositions are affected by non-radiative decay effects, as discussed 
above, and they do not correspond to the true radiative lifetime of the upper laser level. 
The result of the calculation is shown in Fig. 12. The peak emission cross section is located at 





to the value reported for Yb:Y2O3 and Yb:Lu2O3 in [[11]]. The various compositions show some 
differences: in particular, the main emission peak at 1032 nm show a broadening of about 2 nm of 
its FWHM, and the emission peak located near 1076 nm increases its FWHM of about 3.5 nm 
respectively for the composition with Lu23 with respect to the composition with Lu0. 
 
 







































Fig. 12. Emission cross section spectra for the compositions with different Lu/Y balance.  
4. Conclusions 
In this work we have reported the fabrication, the microstructural properties and the 
spectroscopic characterization of a new family of Yb doped mixed sesquioxides, namely (Lu,Y)2O3.  
The fabrication method, based on the sintering of laser co-evaporated nanoparticles, has 
proven very effective to obtain high quality samples, over a broad range of Lu/Y concentration. The 
transparency of the samples was found very similar to the theoretical limit for the two end 
compositions, i.e. Lu2O3 and Y2O3. Microstructural characterization was carried out with several 
different methods, i.e. electron microscopy, XRD and micro Raman spectroscopy. XRD evidenced 
that the samples had the expected cubic crystalline structure, with a decreasing lattice constant for 
increasing Lu
3+
 content and no secondary phases. Micro-Raman spectroscopy has confirmed that 
the chemical and structural composition of the ceramics is homogeneous up to the sub-grain size 
scale, with very small fluctuations in the Lu/Y content from point to point. This indicates that the 
use of laser ablated nanopowders as starting material allows obtaining a very fine mixing of Lu2O3, 
Yb2O3, Y2O3 and ZrO2 in the individual particles as well as in the green body and therefore a 
uniform composition after sintering. This allows obtaining a disordered structure at the lattice level, 
which induces an inhomogeneous broadening of the Yb
3+
 energy levels. Even though the laser 
ablation does not allow a tight control of the final stoichiometry, this is only a small disadvantage in 
the production of the continuous substitutional solid solutions analyzed here; this is largely 
counterbalanced by the possibility to obtain powders which are well mixed down to the nanoscale.  
We note here that in order to obtain high optical quality samples, the preparation of 
sesquioxide ceramics (either mixed or stoichiometric) usually requires special powder preparation 
methods such as coprecipitation [35] in order to get well mixed powders at the nanoscale. In 
alternative the use of post-sintering phases as Hot Isostatic Pressing (HIP) is very often required to 
reduce the residual porosity after the sintering, in particular when simple mixing methods as ball 
milling are used [37-40] and even when nanoscale coprecipitate powders are used [41]. The use of 
laser ablated nanopowders allows obtaining high quality ceramics from conventional vacuum 
sintering, without the use of the costly and complex HIP passage. 
The spectroscopic characterization has shown that the mixed composition induces some 
amount of broadening in the Yb emission spectrum, more evident in the emission peak located near 
1077 nm. The overall structure of absorption and emission spectra is intermediate between those of 
Yb:Lu2O3 and Yb:Y2O3. 
The laser emission properties of these samples will be described in a companion paper on this 
same Journal [42]. 
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Highlights for reviewers 
1. First extensive and systematic study of the microstructural and spectroscopic properties of 
sesquioxide ceramics fabricated with mixed composition (Lux,Y(1-x))2O3 with x=0, 0.113, 0.232 
and Yb doping, for laser applications. 
2. Application of the laser ablation of the production of well –mixed nanoparticles as starting 
material for the ceramics. 
3. Characterization of the microstructural properties (lattice constant, grain size etc.) for different 
Lu/Y ratio. 
4. Characterization of the internal crystalline phase homogeneity at sub-m level by means of 
micro-Raman spectroscopy. 
5. Characterization of the spectroscopic properties of Yb3+ as optically active dopant for laser 
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